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ABSTRACT 


A consequence of global warming is the early ripening of grapes which promotes, among others, a higher fermentable 
sugar (glucose and fructose) content. This leads to wines with an alcoholic degree higher than desired. 

In this work, the main differences between red grape must nanofiltration at laboratory and pilot plant scale were 
studied in order to perform the scale-up of a nanofiltration process to reduce the sugar content. For this, previous 
results of the nanofiltration of commercial red must using the SR3 membrane in a flat sheet crossflow module were 
compared with those obtained for the filtration of natural red must using the same membrane in a spiral wound 
module at two different applied pressures. 

The aim of this publication is to analyze the main differences between red grape must nanofiltration at laboratory 
and at pilot plant scale. 

Results: showed that the flow destabilization and eddy promotion caused by spacers in the spiral wound module 
mitigate the rate at which the cake thickens and compacts on the membrane surface. This causes a less sharp flux 
decrease, less variable sugars rejection and osmotic pressure difference. Moreover, higher applied pressure promotes 
a higher membrane fouling and osmotic pressure that worsen the flux decay. 

© 2014 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved. 
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1. Introduction 

Membrane processes are now widely considered as eco¬ 
nomical alternatives to conventional separation processes. 
Reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF) 
and microfiltration (MF) have become standard unit opera¬ 
tions (Schwinge et al., 2004). 

Membranes can be presented in several configurations 
such as: spiral wound, hollow fibers, tubular and plate-and- 
frame modules. Amongst these, the hollow fiber and the spiral 
wound modules are the most commonly used, due to their 
high membrane area to volume ratio. Moreover, spiral wound 
modules are often preferred in industry because they offer 
a good balance between ease of operation, fouling control, 


permeation rate and packing density (Geraldes et al., 2002; 
Schwinge et al., 2004). 

Some membrane processes have been used in winemak¬ 
ing for a long time. For example: cross-flow MF and UF to 
clarify white grape must (Cassano et al., 2008), sugar concen¬ 
tration using NF (Versari et al., 2003) and RO (Rektor, 2007) 
in musts. Reverse osmosis is also used to reduce alcohol in 
wines, unfortunately, RO membranes are permeable to both 
alcohol and water, and after the filtration it is necessary to add 
water to the dealcoholized wine which creates legal problems 
in some countries where the addition of water is forbidden by 
law (Garcia-Martin et al., 2010). 

Furthermore, more recent research and development 
activities have focused on the application of membrane 
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Nomenclature 

Roman 

A e fj effective area (m 2 ) 

A m membrane active area (m 2 ) 

a sp specific surface area of the spacer 

A sp surface area of the spacer (m 2 ) 

C 0j j feed concentration of the ith component 
(kg/m 3 ) 

C mi concentration of the ith component on the 
membrane active layer (kg/m 3 ) 

C p ; permeate concentration of the ith component 
(kg/m 3 ) 

Crt total sugar concentration (glucose and fructose) 

of the retentate (kg/m 3 ) 
d dilament thickness (m) 

d h hydraulic diameter of the channel (m) 

Dj diffusion coefficient of the ith component 

(m 2 /s) 

H feed channel height (m) 

Jv permeate flux per unit of area through the 

membrane (m 3 /m 2 s) 

Jv 0 permeate flux per unit of area through the 
membrane at time t = 0 (m 3 /m 2 s) 
k general kinetic constant for the fouling models 

(s- 1 ) 

fe c kinetic constant for the cake model (s/m 6 ) 

K m i mass transfer coefficient (m/s) of the ith com¬ 
ponent at impermeable membranes (m/s) 

K s . mass transfer coefficient of the ith component 
m, i r 

at semipermeable membranes (m/s) 

L leaf length (m) 

l m mesh size (m) 

L p water permeability (m/Pa s) 

Mj molar weight of the ith component (kg/mol) 

n dimensionless exponent which depends of the 

fouling model 

Q volumetric recirculation flow (m 3 /s) 

R ideal gas constant (1.987 x 1CT 3 kcal/molK) 

Re Reynolds number 

R f resistance due to fouling (m _1 ) 

R; membranes true retention for the ith compo¬ 

nent 

R m membrane resistance (m _1 ) 

Rsys system resistance (m -1 ) 

Sc Schmidt number 

Sh Sherwood number 

T absolute temperature (K) 

Vo initial volume of grape must (m 3 ) 

Vp permeate volume (m 3 ) 

V S p volume occupied by the spacer (m 3 ) 

V t volume of the total (empty) channel (m 3 ) 

W leaf width (m) 

Greek 

fl angle between crossing filaments 

Ap applied transmembrane pressure (Pa) 

Ap c pressure drop across the cake (Pa) 

Ap m pressure drop across the membrane (Pa) 

Air osmotic pressure gradient (Pa) 

e feed spacer porosity 

7] viscosity of the solution that passes through 

the membrane (Pa s) 


r/f feed viscosity (Pa s) 

ijp viscosity inside the membrane pore (Pa s) 

9 angle of the feed flow 

& e ff effective velocity (m/s) 

pc feed density (kg/m) 


technologies for sugar control in grape musts in order to 
reduce the alcohol content of the resulting wines (Garcia- 
Martin et al., 2009, 2010, 2011). As a consequence of global 
warming, an early ripening of grapes has been detected in 
some regions that causes higher fermentable sugar (glucose 
and fructose) content, lower acidities and some modifications 
of the varietal aroma compounds. Fermentation of this must 
leads to alcoholic degrees higher than desired (Mira de Orduna, 
2010), as they may be too burning in the mouth and mask the 
fruity aromas and taste of wine. Premature grape harvest and 
winemaking should affect the final wine quality, leading to 
more acid and less colored wines, because the phenolic matu¬ 
rity would not be fully achieved (Garcia-Martin et al., 2011). 
Therefore, in order to produce a full flavored wine, the harvest 
should be carried out in the optimum ripeness of the fruits 
and then innovative techniques to control sugars in musts 
should be applied to keep the alcohol degree of the resulting 
wines within the desired range. Moreover moderated alcohol 
contents are becoming a trend in the consumers demand. 

If the molecular weight of sugars in must is taken into 
account, nanofiltration seems to be the most appropriate tech¬ 
nique to control the concentration of glucose and fructose 
(Garcia-Martin et al., 2009). In their work, Garcia-Martin et al. 
(2010, 2011) studied the sugar reduction of fermentable sugars 
in musts such as glucose and fructose by a 2 stage nanofiltra¬ 
tion process to obtain wines with a slight alcohol reduction. 
Their results showed that the mixture of the final permeate 
with the retentate or with untreated must in adequate pro¬ 
portions reduced the alcohol content of the resulting wines 
by 2°. However, a slight loss of color and aroma intensity 
and a slender unbalancing of some important substances (i.e. 
potassium, malic and tartaric acid) were detected. Moreover, 
these experiments of must nanofiltration, showed that there 
are some problems specially related with the permeate flux 
decline. 

In our previous work (Salgado et al., 2013), a method was 
proposed to study the influence of the different compounds 
present in red grape must on flux decline. Results showed 
that high molecular weight compounds (namely polyphenols, 
polysaccharides, proteins, etc) have more influence on the per¬ 
meate flux decay since they are mainly responsible for the 
fouling phenomenon (cake filtration mechanism). While low 
molecular weight compounds (mainly glucose and fructose), 
contribute to the flux decay mostly through an increase of the 
osmotic pressure during the process. Aiming to select the most 
appropriate NF membrane for sugar control in grape must, 
further research was performed applying the same methodol¬ 
ogy mentioned in previous works (Salgado et al., 2013). In this 
work (Salgado et al., 2012), the performance for must nanofil¬ 
tration of 3 flat sheet NF membranes was compared: the NF270 
(Dow Filmtec), HL (GE) and SR3 (Koch Membrane System). The 
results obtained showed that the HL and SR3 membranes were 
appropriate to reduce the content of sugar of red must. Specifi¬ 
cally, the SR3 membrane showed the best passage of sugar and 
less fouling. Once the membrane is selected at a laboratory 
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scale it is reasonable to analyze its performance at a higher 
scale using a spiral wound module. 

The major components of a spiral wound module are the 
membrane, the feed and permeate channels, spacers in the 
feed and permeate channels, the permeate tube and the mem¬ 
brane housing (Dickson et ah, 1992; Schwinge et al., 2004). 
The feed flow spacers, which usually consist in non-woven 
nearly cylindrical filaments, serve to separate adjacent leaves 
of the membrane and to create flow passages, but also to 
promote flow unsteadiness and therefore, to enhance mass 
transport. In this way, the undesirable fouling, concentration 
polarization and osmotic pressure on the membrane surface 
are mitigated (Koutsou et al., 2007). The trade-off for a higher 
mass transfer rate is an increased pressure loss along the feed 
channel (Schwinge et al., 2004). 

The geometry of a spiral wound module is described by the 
number of leaves, Ni, the leaf length, L, and leaf width, W, 
of each membrane leaf, the feed channel height, H, and per¬ 
meate channel height, Hp. The channels heights are defined 
by the feed and permeate spacer heights. The spacers them¬ 
selves are characterized by the mesh size, l m (distance between 
filaments); filament thickness, d (d = H/2); the ratio of them 
(l m /d); orientation of the filaments, /3; angle of the feed flow, 
0\ hydraulic diameter, d h , and voidage, e, the volume of the 
voids divided by the overall volume (Schock and Miquel, 1987; 
Schwinge et al., 2004). Fig. 1 provides the top view of a spacer 
where the geometric characteristics can be appreciated. 

The hydrodynamics in a spiral wound module is critically 
influenced by the presence of the spacer material. Since the 
height of the feed channel of the spiral wound module is very 
small (0.5-2 mm), the effect of its curvature on the flow can be 
neglected and hence the flow can be modeled assuming a thin 
rectangular channel filled with spacers (Schock and Miquel, 
1987). The presence of spacer materials in the channel reduces 
the void volume and hydraulic diameter (d h ) while raises the 
effective velocity 

Furthermore, due to the small spacer height, the circulat¬ 
ing velocity does not exceed 0.4 m/s and the pressure drop, 
recommended by manufacturers, should be between 0.4 and 
0.7 bar. Therefore, the Reynolds number, defined on the basis 
of the average velocity and the spacer filament diameter, is 
less than 200 (Koutsou et al., 2007). 

Due to the low feed flow rates, the role of feed spacers in 
mass transfer enhancement is of utmost importance (Geraldes 
et al., 2002). Several experimental works in plane-channels 
containing different periodic arrays of small-diameter cylin¬ 
ders (mimicking spacers) showed that the presence of them 
caused a flow destabilization (Karniadakis et al., 1988; Koutsou 
et al., 2004; Zovatto and Pedrizzetti, 2001). In fact, it has been 
concluded (Karniadakis et al., 1988) that this cylinders act 
as eddy promoters and their presence leads to the destabi¬ 
lization of the flow by essentially the same mechanism as 
in rectangular channels but at much lower Reynolds num¬ 
bers (on the order of hundreds rather than thousands). In 
more recent studies (Koutsou et al., 2007), the flow inside rect¬ 
angular channels with non-woven diamond-shaped spacers 
were studied using direct numerical simulation. The results 
revealed that, for the range of geometrical parameters exam¬ 
ined, the transition Reynolds number occurs at relatively low 
values: Re = 35^5. 

According to other studies (Schock and Miquel, 1987), 
spacer-filled channels exhibit significantly higher mass trans¬ 
fer rates compared to empty channels over the same range 
of Reynolds numbers. Further research on the influence 


of the geometry of the spacers on the Sherwood num¬ 
ber (Koutsou et al., 2009) using numerical simulations and 
experimental data were performed developing dimensionless 
correlations for mass transfer coefficients of the usual form, 
Sh = a x Re m x Sc n for spacer each geometry. 

As mentioned, previous studies at laboratory scale have 
been performed for the application of nanofiltration in order 
to control the sugar content of red grape must to produce 
low alcohol wine (Salgado et al., 2012, 2013). In the present 
work the scale-up of the selected nanofiltration process is 
performed as a continuation of the mentioned studies. 

The aim of the present publication is to analyze the main 
differences between red grape must nanofiltration at labo¬ 
ratory and at pilot plant scale using the same membrane. 
Specifically the fouling mechanisms, sugars rejection and 
osmotic pressure are compared. The analysis of these pro¬ 
cesses can be considered as the first stage of the optimization 
of the procedure for sugar reduction of must at a higher scale. 

For this purpose, the previous results obtained for the 
nanofiltration of commercial red must using the SR3 mem¬ 
brane in a flat sheet crossflow module (Salgado et al., 2012) 
are compared with those obtained for the filtration of natural 
red must using the same membrane in a spiral wound module. 

Moreover, because in our previous studies (Salgado et al., 
2012, 2013) the increase of the osmotic pressure was consid¬ 
ered to be a limiting factor of the permeate flux, the study of 
the increase of the applied transmembrane pressure is rel¬ 
evant. Therefore the effect of the variation of the applied 
pressure in the performance of the spiral wound module will 
be also analyzed in order to continue with the optimization 
process. 

2. Theory 


2 . 1 . 


The spiral wound module 


2.1.1. Flow conditions in a spiral wound module 
As already mentioned, the flow in a spiral wound module can 
be modeled assuming a thin plane channel filled with spacers, 
neglecting the effects of the curvature of the module. 

The overall voidage fraction (e) can be evaluated by (Schock 
and Miquel, 1987; Van Gauwbergen and Baeyens, 1997) 


e = 1 — 


V. 


sp 


V t 


( 1 ) 


where V sp and V t are the volume occupied by the spacer and 
the total channel volume, respectively. 

V sp and V t can be calculated by 


V S p = 0.5 x 7i x d 2 x 1„ 


V t = ll x H 


( 2 ) 

( 3 ) 


The effective area, A e p can be calculated from the leaf 
width (W), height (H) and porosity ( e ) of the spacer as 


A e ff = W x H x b 


( 4 ) 


Therefore, the effective velocity in a spiral wound element 
can be calculated according to 


&eff W x H x e 

where Q is the volumetric recirculation flow. 


( 5 ) 
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Fig. 1 - Geometric characteristics of a spacer; top view. 


For a spacer-filled flat channel the resulting expression for 
the hydraulic diameter, d h , is (Schock and Miquel, 1987) 


dp — 


4 x £ 


2/H + (1 - e) x a SJ 


( 6 ) 


The specific surface area of the spacer (a sp ) is defined as the 
ratio between its surface area and its volume: 


u sp ■ 


v< 


sp 


and Asp is defined as 


Asp — 2 X JT X Ij7 


x d 


( 7 ) 


( 8 ) 


2.2. Permeate flux decrease 

When the overall filtration process is taken into account, the 
flux through the membrane per unit of membrane area can be 
written in terms of the applied transmembrane pressure, Ap, 
the osmotic pressure gradient, Air, the feed viscosity, rip and 
the system resistance, R sys by (Goldsmith, 1971; Jonsson, 1984; 
Kozinski and Lightfoot, 1971; Wijmans et al., 1984) 


Jv = 


Ap - An 
r/R sys 


( 12 ) 


2.1.2. Mass-transport in spacer-filled channels 

Estimates of the mass transfer coefficient in the presence of 

different spacers can be obtained (Koutsou et al., 2009) by using 

the appropriate correlation; that, for the spacer used in the 

present work, states that the Sherwood (Sh) number can be 

written in terms of the Reynolds (Re) and Schmidt (Sc) numbers 

as 

Sh = 0.14 x Re 0 64 x Sc 0 42 (9) 

The Sherwood, Schmidt and Reynolds numbers are defined 


In filtration processes where the concentration of small and 
medium sized molecules increases, the flux decreases with 
time (or filtered volume). This decrease has been attributed 
to three fundamental factors: the increase of both osmotic 
pressure and viscosity of the solution that passes through 
the pores of the membrane and the evolution of the total 
resistance of the membrane system, An, r), and R sys , respec¬ 
tively (Kuhn et al., 2010; Pradanos et al., 1993; Pradanos et al., 
1995). 

The overall system resistance, R sys , is the sum of the mem¬ 
brane resistance, R m , plus a series of terms that depend on 
the fouling caused by the solute and the membrane itself, 
R f : 


Sh = 




Sc = 


V 

Pf D i’ 


Re = 


vp/d h 

V 


i + Rf 


(13) 


( 10 ) 


where, K m i , and Dj are the mass transfer and the diffusion 
coefficient of the ith component, respectively, and tjf and pp 
stand for the viscosity and density of the feed, respectively. 

Taking into account that the membrane is semipermeable, 
the value of K m i calculated using Eqs. (9) and (10), that should 
be valid for an impenetrable wall, needs to be corrected to K s . 
according to (Geraldes and Afonso, 2007): 


Assuming that the osmotic pressure follows the van’t Hoffs 
law, the osmotic pressure difference generated by all compo¬ 
nents can be calculated as 


An 


- ^Ajr; - ^ f , (C m ,i C p ,,) 


M, 


(14) 


K s ■ — fe 
K m,i “ K m,i 


Jv_ 

k -m,i 


Jv/K n 


y exp jju/K m ; — lj 

for /u/K m _j < 1 


( 11 ) 


where M; is the molar weight, C m j the concentration on 
the membrane surface, C p i the permeate concentration of the 
ith component, R the gas constant, and T the temperature. In 
order to use Eq. (15), it is necessary to calculate the experimen¬ 
tally inaccessible concentration C m ;. One of the methods to do 
this consists in the use of the Film Theory of concentration 
polarization. 
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2.3. Concentration polarization. Film theory 

This model is based on the use of the mass transfer coefficient, 
K m j, in order to describe the solute transport in the membrane 
active layer (Kuhn et al., 2010; Pradanos et al., 1994) as 

C m ,i = C p ,i + (Co,, - C Pii ) e( ,v/Km i ) (15) 

where Jv is the flux through the membrane defined by Eq. 
(12); C 0 ,i and K mi are the feed concentration and the mass 
transfer coefficient of the ith component, respectively. The last 
one can be evaluated by Eqs. (9)—(11). 

2.4. Fouling mechanism. Cake filtration 


The additional resistance attributed to fouling, Re, has been 
related with phenomena such as concentration polarization, 
gelation, deposition, adsorption of solute molecules inside the 
pores or pore blocking when the pore size is similar to the 
molecular dimensions (Bowen et al., 1995; Chudacek and Fane, 
1984; Hanemaaijer et al., 1988; Seman et al., 2010; Zeman, 
1983). All these processes should influence in a more or less 
balanced equilibrium. They can be accounted by means of 
four theoretical kinetic models commonly used for systems 
showing flux decline (Bowen et al., 1995; Pradanos et al., 1996): 
complete blocking, intermediate blocking, standard filtration 
and cake filtration models. 

In several previous experiments using different flat sheet 
membranes for grape must nanofiltration (Salgado et al., 2012, 
2013), only the very first instants of filtration seemed to be 
described by an intermediate blocking mechanism. 

During, the second and longest step of must nanofiltra¬ 
tion, flux decay follows the cake filtration mechanism (Salgado 
et al., 2013). According to this model, each particle locates on 
others already arrived and already blocking some pores and 
there is no room for a direct obstruction of any membrane 
area. In this case the fouling kinetic constant is fe c (in s/m 6 ) 
and can be written as 


t fe c 1 

— = —Vp -I- 

V P 2 y ^Jv 0 - A m 


(17) 


The kinetic constant k c is twice the membrane fouling 
index (MFI) (Schippers and Verdouw, 1980) that is defined as 
the slope of the plot of t/Vp versus Vp. 

According to several studies (Listiarini et al., 2009a,b; 
Sioutopoulos et al., 2010a, b) on fouling of nanofiltration mem¬ 
branes, the cake layer formed on the membrane surface may 
be compressible and become more compact and dense after 
a certain period of filtration time or due to an increase of 
the applied pressure. In fact, another work described that a 
third mechanism may occur during the flux decline, the so 
called “cake filtration with compression model” (Schippers 
and Verdouw, 1980). 


2.5. Retention model 


The efficiency of a membrane is determined by its true reten¬ 
tion, R. This coefficient is defined as 

R, = 1 - ^ (i = 1, 2.. .N) (18) 


(membrane active layer) and C p i the permeate concentration 
of the ith component. 

3. Materials and methods 

3.1. Membrane and experimental set-up 

The experimental set-up used for must filtrations was similar 
to the one described in a previous work (Salgado et al., 2013) 
for the laboratory scale experiments using a flat sheet cross 
flow module. The main difference, with the scheme presented 
there, is that the present experiments were performed in a 
pilot plant scale unit with a spiral wound module of nanofil¬ 
tration. Briefly, it consists in a feed vessel, with a cryogenic 
unit to assure that the feed’s temperature is kept at 16 °C. The 
feed is extracted from the thermostated reservoir by means of 
a regulatable piston membrane pump Hydra—Cell G03. Two 
pressure transducers are placed before and after the spiral 
wound module to measure the inlet and outlet pressure. In 
order to adjust manually the pressure inside the module a 
needle valve is placed at the exit of the unit. Cross flow is 
adjusted through this valve and the speed control of the pump. 
The retentate flow rate is measured with a flowmeter ranging 
from 0 to 10 L/min. In order to decrease the retentate temper¬ 
ature a heat exchanger was placed before its return to the feed 
vessel. The permeate flux was monitored using a three-tube 
flow system with flow capacity from 0 to 10 L/min. 

The membrane used for the nanofiltrations was a KMS 
SR3 (reference 3839 SR3-NYV), made and commercialized 
by Koch Membrane Systems. The main characteristics of 
the membrane and the spiral wound module are shown in 
Tables 1 and 2, respectively. The spacer porosity was assumed 
to be that determined by Vrouwenvelder et al. (2010) in their 
work using a diamond-shaped spacer with the same height as 
the SR3 (H = 0.787 x 1CT 3 m). 

As mentioned, prior to the selection of the SR3 membrane, 
different nanofiltration membranes in flat sheet configuration 
were tested using a commercial red must and a synthetic solu¬ 
tion containing the main low molecular weight compounds 
typically found in red must. Results showed that, among the 
membranes studied, the SR3 presented an appropriate pas¬ 
sage of sugars and less fouling (Salgado et al., 2012). 

3.2. Must 

Tempranillo red grapes from D.O. Rueda were transported to 
the experimental winery of the Enological Station of Castilla 
y Leon (Rueda) in plastic boxes of 15 kg. After the reception, 
grapes were de-stemmed and crushed and sulfite was added 
(60 mg/L of S0 2 ). The must was obtained by drawing off, with¬ 
out press. Pectinolytic enzymes (10 mg/L of Novoclear Speed, 
Lamothe Abiet, France) were added to enhance first clarifi¬ 
cation. After that, must was filtered through 0.8 p,m cellulose 
plate filters in order to prevent sudden membrane fouling and 
to make nanofiltration easier. In this way natural must clarity 
is similar to that of the commercial must used in the previous 
experiments with the flat sheet cross flow module. 

The main oenological parameters of the red must before 
the filtration process are shown in Table 3. 

3.3. Procedure 


for the ith component present as solute in the feed. C m j is the Prior to the initial use of the brand new spiral wound mod- 
concentration of the ith component on the membrane surface ule, a cleaning procedure was performed according to the 
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a 5% Lactose at 1380 kPa. 


Table 2 - Main characteristics of the SR3 membrane and 3839 SR3-NYV spiral wound module. 


Active membrane 
area A m (m 2 ) a 

Module length L 
(m) a 

Module diameter 
(m) a 

Leaf with W (m) b 

Feed spacer 
height H (1CT 3 m) a 

Feed spacer 
porosity c ( e ) 

7.061 

0.984 

0.096 

3.608 

0.787 

0.850 

a Provided by the manufacturer. 
b Own determination. 

c Vrouwenvelder et al. (2010). 






Table 3 - Oenological parameters of the natural red musts before and after the nanofiltration process. 

Must 

Glucose 

Fructose 

Tartaric 

Malic 

Potassium 

pH 

Total 

Total 


m 

m 

acid (g/L) 

acid (g/L) 

(mg/L) 


acidity 

S0 2 (g/L) 








(g/L) 


Original must 

94.49 

97.51 

4.82 

2.64 

930 

3.21 

5.70 

60 

Permeate 3100 kPa 

25.56 

25.91 

2.92 

2.37 

660 

3.10 

4.18 

21 

Retentate 3100 kPa 

134.74 

139.70 

4.33 

2.55 

1050 

3.41 

4.72 

65 

Permeate 3300 kPa 

23.35 

23.76 

3.58 

2.57 

790 

3.16 

5.01 

24 

Retentate 3300 kPa 

130.14 

134.16 

4.18 

2.36 

900 

3.28 

5.27 

68 


manufacturer’s recommendations in order to remove the 
preservative solution. Afterwards, to avoid any irreversible 
change during operation, the membrane was conditioned by 
pressurization at the highest pressure to be used for a suf¬ 
ficient period of time. In this case, the SR3 was pressurized 
filtering water at a pressure of 3300 kPa with a recirculation 
flow of 9 L/min during one hour. After this, water permeabil¬ 
ity was measured. This parameter was determined before and 
after every filtration and cleaning cycle. 

Filtrations were performed in a batch system. The perme¬ 
ate was sent to the thermostated permeate vessel in order 
to collect it and the retentate was recirculated to the ther¬ 
mostated feed vessel. 

In order to analyze the influence of the applied trans¬ 
membrane pressure two filtrations were performed the first 
at 3100 kPa and the second one at 3300 kPa. These two single 
and close values do not constitute a study of filtration versus 
pressure but rather have been chosen to show how increasing 
pressure without providing extra cake disruption media would 
have detrimental side effects: increasing fouling, worsening 
flux decay, and increasing osmotic pressure as will be shown 
below. The rest of the operating conditions for both filtrations 
were: a feed temperature of 16 °C and a recirculation flow of 
9 L/min, which according to Eq. (5) and the spacers dimensions 
(Table 2) corresponds to an effective velocity of 6.27 x 1CT 2 m/s. 
Between filtrations, only one cleaning step was performed, 
which consisted in a flush cycle with soft water at a recircu¬ 
lation flow of 9 L/min and low pressure using a minimum of 
three times the system hold-up volume and sending retentate 
and permeate to the drain. 

The permeate flux was determined by measuring the flow, 
firstly every 15 min and then, when the permeate flux became 
less variable, every 45 min. Simultaneously, samples of per¬ 
meate and retentate were taken in order to determine their 
content of glucose and fructose by liquid chromatography 
(HPLC). 


The volumes filtered where of the order of 35 L of natural 
red must. Filtrations were performed until the flux decreased 
to a more or less constant value during a reasonable period of 
time. 

Results of both filtrations were compared with those 
obtained previously using the same membrane in a flat sheet 
cross flow module (Salgado et al., 2012). 

3.4. Analytical methods 

Musts were analyzed before and after filtrations according 
to the methods summarized in Table 4. With the exception 
of sugars, malic and tartaric acid, the oenological parame¬ 
ters analyzed were determined according to the Organisation 
Internationale de la Vigne et du Vin (OIV) methods (OIV, 2011). 

According also with the recommendations of OIV (OIV, 
2011), potassium was measured by atomic absorption 
spectrophotometry using an atomic absorption spectropho¬ 
tometer from Corning, model FP 410, equipped with an 
air-acetylene burner. 

The chromatographic system used consisted in; an HPLC 
apparatus, with a Refractive Index detector, Waters 2414; an 
isocratic pump Waters 1515; the Waters 1707 Autosampler; a 
thermostated column compartment and a control unit com¬ 
manded by the Breeze 2 software. In order to improve the 


Table 4 - Summary of the methods used for the 
determination of some oenological parameters of musts. 

Parameter 

Method 

Glucose and fructose 

HPLC 

Tartaric and malic acid 

HPLC 

pH 

pH-meter 

Total acidity 

Acid-base titration 

Total SO 2 

Iodometry 

Potassium 

Atomic absorption spectroscopy 
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Table 5 - Hydraulic permeability and membrane 
resistance, both initially and after filtration and cleaning 
procedure. 

Process 

Water 

Membrane 


Permeability 

Resistance (R m 


(L p 

(10~ n m/Pa s) 

(10 13 m- 1 ) 

Before filtration 

1.35 

7.37 

After red must rinse 
(soft water flush 
cycle) 

0.79 

12.65 

After manufacturers 
cleaning 
procedure 

0.89 

11.16 


resolution and precision, the samples were diluted 1:10 (V/V) 
with deionized water and then 20 |jlL of each were injected in 
the HPLC system. A Supelco Supelcogel Pb column, and guard 
column, were used for the sugars (glucose and fructose) sep¬ 
aration and a Shodex DE-413 column, and guard column, for 
malic and tartaric acids detection. 

4. Results and discussion 

4.1. Permeate flux evolution 

As mentioned, water permeability (L p ) was determined before 
and after the filtrations and cleaning procedure. This param¬ 
eter was calculated as the slope of the plot of Jv versus Ap 
by measuring the permeability of the membrane to Milli- 
Q water at different transmembrane pressures and at 20 °C. 
The initial and final membrane resistances, R m , were cal¬ 
culated from L p data according to Eqs. (12) and (13) when 
Rj = 0 and A/7 = 0. Results are presented in Table 5. It is 
shown that after the first red must filtration and rins¬ 
ing, the water permeability was reduced since the recovery 
was only 58.3% from the original value. After the cleaning 
procedure, there is a slight permeability recovery with¬ 
out reaching its original value (66% of the permeability of 
the brand new membrane). This permanent loss of per¬ 
meability is attributed to the inevitable and irreversible 
fouling of the membrane system due to the adsorption 
of substances on the membrane surface or inside the 
pores. 

The evolution of permeate flux with natural red must 
as a function of time at both transmembrane pressures is 
presented in Fig. 2a. As also observed in previous studies 
with a SR3 flat sheet module (Salgado et al., 2012), both fil¬ 
trations throughout the spiral wound module follow a typical 
flux decline kinetic: at the beginning there is a remarkable 
decrease of flow followed by a less-sharp progressive decay 
which can be assumed to tend to zero. As expected, higher 
initial fluxes were measured at the beginning of the filtration 
at 3300 kPa. But this process presented a faster flux decrease 
and reached lower values than the one at 3100 kPa. This 
difference can be attributed to the fact that a higher driving 
force (transmembrane pressure) accelerates the cake for¬ 
mation on the membrane surface and promotes a higher 
compaction of it. This issue will be discussed in more detail 
in Section 4.4. Besides, it has to be taken into account that the 
first filtration was performed with the brand new membrane, 
which, as already mentioned, presented less initial fouling. 
Fig. 2b shows the comparison of the normalized flux decay 


using the spiral wound module and the flat sheet membrane 
module. Even though the later was performed at a higher 
tangential velocity (2.78m/s) (Salgado et al., 2012), it is clear 
that the flat sheet cross flow module reached lower permeate 
fluxes in a shorter period of time. This issue can be attributed 
to a faster cake formation and compaction not only due to the 
higher applied pressure (3500 kPa) but to the absence of spac¬ 
ers that, as already mentioned, mitigate fouling mechanisms. 

4.2. Efficiency of the spiral wound module 

4.2.1. Analysis of the filtrated musts 

Recalling that the aim of the present study is the analy¬ 
sis of the performance of the SR3 spiral wound module for 
sugar control in grape must, it is essential to analyze the 
main characteristics of the obtained musts. Therefore, the 
concentrations of the resultant permeate and retentate were 
analyzed. Results presented in Table 3 clearly show a high 
reduction of total sugar content of permeates (about 73%) and 
an increase in retentates. These variations are not so signif¬ 
icant for the rest of compounds. Furthermore, if the purpose 
of filtration is to reduce the alcohol content of the final wine, 
the permeate has to be mixed with untreated must or with 
the retentate in adequate proportions before its fermenta¬ 
tion. In this way, the reconstructed must will be chemically 
very similar to the original one but with a lower sugar content 
and the variation of the other compounds will be insignifi¬ 
cant. 

4.2.2. Sugars rejection 

Sugar concentration measurements for the permeate and 
retentate allow the determination of the membrane efficiency 
by calculating the time evolution of the true retention of each 
sugar, Rj. True retentions of glucose and fructose have been 
evaluated according to Eq. (18) and using the equations of 
mass transport and Film Theory (Eqs. (9)—(11) and (15), respec¬ 
tively). For the density, pj, of red must a correlation between 
density and its sugar content (°Brix) was taken from the lit¬ 
erature (Hidalgo-Togores, 2006). In the case of red must, the 
viscosity, r/j, values used were obtained by a correlation versus 
concentration (°Brix) (Zuritz et al., 2005). 

The corresponding results are shown in Fig. 3a. It can be 
noted that there is an almost linear slight decrease of retention 
of both, glucose and fructose. This true retention time evolu¬ 
tion differs from the results obtained in previous experiments 
using the flat sheet module procedure, where a progressive 
increase of this parameter was observed (Salgado et al., 2012). 
A comparison of the rejection of sugars for both the modules 
is depicted in Fig. 3b, note that the permeate volume is nor¬ 
malized by the feed volume, Vo, of each filtration. Although 
it was expected that both systems presented similar initial 
rejections, it can be appreciated that the flat sheet module 
system has lower initial retentions (0.181 for glucose and 0.185 
for fructose) which increase progressively exceeding the val¬ 
ues observed at the beginning of the filtration using the spiral 
wound module system. 

Apparently, the spiral wound module retention is stabilized 
faster due to an almost instantaneous initial fouling mecha¬ 
nism. Moreover, during the study of the individual effects of 
low and high molecular weight compounds on the nanofiltra¬ 
tion of grape must using a flat sheet membrane, the significant 
increase of the retention of sugars was also observed in the 
presence of high molecular weight compounds. This feature 
was mainly attributed to the formation of the cake layer on the 
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Fig. 2 - Permeate flux time evolution of red must: (a) for the spiral wound module (SWM) at 3100 kPa and at 3300 kPa; (b) 
normalized for the SWM at 3100 kPa and at 3300 kPa and for the flat sheet module (FSM) at 3500 kPa as a comparison. 


membrane surface that acts as a pseudo-membrane which 
lowers even more the passage of sugars through the mem¬ 
brane by changing both: permeability and selectivity of the 
overall membrane (Salgado et al., 2013). Taking into account 
that the effective velocity in the spiral wound module was 
much lower than in the flat sheet module (6.27 x 10~ 2 ms -1 
and 2.78ms -1 , respectively), it is possible that the formation 
of this pseudo-membrane occurs almost instantly due to the 
lower shear stress that enables a faster deposition of foulants 
on the membrane surface. Furthermore, in the flat sheet mod¬ 
ule the progressive increase of R; would be caused by the 
thickening of the cake layer on the membrane surface which 
could not be avoided by the higher shear stress. This corrob¬ 
orates that the presence of feed spacers in the spiral wound 
module creates local flow structures that periodically disrupt 
the concentration boundary layers avoiding the thickening of 
the pseudo-membrane, that is an increase in Rj. Therefore, the 
slight decrease of the spiral wound module retention could 
be explained by the increase of sugars concentration on the 
retentate side that finally crosses the membrane. 

All in all, the less variable rejection observed using the 
spiral wound module is more appropriate for the aim of this 
study (sugar reduction of red must) because it leads to a low 
sugar content of the permeate from the beginning of the fil¬ 
tration. Furthermore, J u is higher and therefore more V P with 
the appropriate sugars concentration is collected. 


4.3. Resistance to the permeate flux 

The resistance to permeate flux due to fouling, Rf, was deter¬ 
mined according to Eqs. (12) and (13), assuming that R m 
increases linearly with time (Salgado et al., 2013). Fig. 4 shows 
the results obtained as a function of the filtration time. Here, 
it can be noticed that there is a slight difference between 
both the applied pressures. During the filtration at 3100 kPa, 
Rf increases progressively until reaching a maximum, beyond 
which there is a slight decrease and possible stabilization. A 
similar evolution of Rf was observed during the filtration using 
the SR3 flat sheet module (Salgado et al., 2012). At 3300 kPa, 
this parameter grows continuously reaching higher values 
and no decay is observed. As reported in previous studies 
(Foley et al., 1995; Salgado et al., 2013), a reduction in the 
resistance due to the cake formation can be caused by an 
increase of the osmotic pressure. For this purpose it has to 
be considered that the overall pressure drop (applied trans¬ 
membrane pressure Ap) at any time is the sum of pressure 
drops through the membrane, Ap m , and cake, Ap c , plus the 
osmotic pressure, Air. Besides when the cake has an appre¬ 
ciable thickness, Ap m is small in comparison with Ap c . So, a 
reduction in the effective pressure across the total membrane 
system could be due to a reduction of the cake pressure drop, 
Ap c (and so in Rfl that may occur due to an increase in osmotic 
pressure. 




Fig. 3 - True glucose (Glu) and fructose (Fru) retentions: (a) as a function of permeate volume (V P ) for the spiral wound 
module (SWM) at 3100 kPa and at 3300 kPa; (b) as a function of the normalized volume for the SWM at 3300 kPa and for the 
flat sheet module (FSM) at 3500 kPa as a comparison. 
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Fig. 4 - Time evolution of the resistance to the permeate 
flux due to fouling (R j) for the spiral wound module (SWM) 
at 3100 kPa and at 3300 kPa. 



Fig. 5 - Osmotic pressure difference as a function of the 
total sugars content of the retentante (Crt) for the spiral 
wound module (SWM) at 3100 kPa and at 3300 kPa and for 
the flat sheet module (FSM). 

Therefore, it was logic to expect a decrease in resistance for 
lower transmembrane pressures. Moreover, a higher applied 
pressure may cause the formation of a more compact cake 
layer on the membrane surface contributing also to higher 
values of Rp 

In order to analyze the influence of the osmotic pressure, 
the values calculated according to Eq. (14) were plotted as a 
function of the total sugars content of the retentante (Crt) 
in Fig. 5. In this case, no significant osmotic pressure varia¬ 
tion can be appreciated. On the contrary, in studies using flat 
sheet modules, it was observed that this parameter increased 
remarkably during filtration (Salgado et al., 2012, 2013) reach¬ 
ing higher values than in the spiral wound module. The values 
obtained for the SR3 flat sheet module are presented in Fig. 5 
for the sake of comparison. This shows that, as mentioned in 
Section 4.2.2, spacers increase shear rates, and mass transfer. 
Therefore, phenomena such as fouling, concentration polar¬ 
ization and osmotic pressure on the membrane surface are 



Fig. 6 - (t/Vp) versus Vp fitted to the cake filtration model for 
the spiral wound module (SWM) at 3100 kPa and at 
3300 kPa. The kinetic constants: fe cl and fe c2 , for both 
filtrations, correspond to the slope of the region of cake 
formation and cake formation with compaction, 
respectively. 

mitigated in the long term, and so the thickening of the 
cake layer is limited. This promotes more stable sugar reten¬ 
tion and osmotic pressure difference. By contrast, in the flat 
sheet membrane filtration, the absence of local flow structures 
causes the progressive thickening of the cake layer, and con¬ 
sequently less constant osmotic pressure and sugar rejection. 

4.4. Fouling mechanism 

A description of the flux decline presented in Fig. 2 can be 
performed in terms of the outlined fouling mechanisms. The 
fitting of the experimental data to the cake filtration mecha¬ 
nism (Eq. (17)) is plotted in Fig. 6. It is observed that for both 
filtrations the cake filtration model satisfactorily describes the 
experimental data for almost the entire filtration period and 
seems to be divided in two regions, the so called: cake for¬ 
mation and cake formation with compaction (Schippers and 
Verdouw, 1980). Similar results were obtained during the fil¬ 
tration of red must using the flat sheet module (Salgado et al., 
2012). As mentioned elsewhere (Salgado et al., 2013), during 
the first minutes of must filtration (or the first 1.5 x 1CT 3 m 3 
of permeated volume) other fouling mechanism as the inter¬ 
mediate blocking could be expected to play a dominant role, 
but in the present case the process is so fast that any other 
mechanism rather than cake couldn't be appreciated. 

In order to compare the cake formation kinetic constants 
(fed and fe C 2) of both filtrations along the complete experi¬ 
ments, the slope of each region in the plot (t/Vp) versus Vp 
(Fig. 6) was obtained. Results are presented in Table 6, where 
it is apparent that the filtration performed at 3300 kPa pre¬ 
sented a higher slope, that is higher cake formation kinetic 
constants in both regions (fe c i and fe C 2 ). This agrees with the 
flux decline analyzed in Section 4.1 where even though filtra¬ 
tion at 3300 kPa presented a higher initial flux it also reached 
lower values. Therefore it may be said that the initial flux has 
a clear effect on the rate of fouling since it affects the rate at 
which fouling species are brought to the membrane surface. 
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Table 6 - Cake formation kinetic constants of both cake 
filtration mechanism regions for the spiral wound 


module and flat sheet module. Values were obtained as 
the slope of the plot t/Vp versus V P for each region in the 
three filtration processes. 


Module 

Applied 
pressure Ap 
(kPa) 

feci (s/m 6 ) 

fe c2 (s/m 6 ) 

Spiral wound 

3100 

8.902 x 10 7 

1.718 x 10 s 

Spiral wound 

3300 

1.374 x 10 8 

2.847 x 10 s 

Flat sheet 3 

3500 

1.475 x 10 11 

8.422 x 10 11 

3 Salgado et al. (2012). 


Furthermore, high initial fluxes increase cake compaction and 
consequently the resistance to the permeate flux (R j) as men¬ 
tioned in Section 4.3. This agrees with the results presented 
in other studies of the influence of initial flux on membrane 
fouling (Sioutopoulos et al., 2010b). There they concluded that 
the greater the initial rate, the more severe the fouling of the 
membrane. 

Aiming to analyze the differences of the fouling mecha¬ 
nism between both modules, the results of the cake formation 
kinetic constants (k c i and fe c2 ) obtained in previous exper¬ 
iments (Salgado et al., 2012) for the flat sheet module are 
presented in Table 6. It is clear that fe cl and fe c2 are around 1000 
times higher for the flat sheet module. This agrees with the 
fact that a higher driving force (applied pressure) promotes 
the rate of fouling and cake compaction. This also corrobo¬ 
rates the analysis made in the previous Sections 4.2.2 and 4.3. 
Even though the formation of the pseudo-membrane is faster 
in the spiral wound module, the flow destabilization and eddy 
promotion caused by the spacers mitigates the rate at which 
the cake thickens on the membrane surface. 

5. Conclusions 

The comparison of the performance of both modules allowed 
the analysis of the influence of feed spacers on fouling mecha¬ 
nism, time evolution of sugar retention and osmotic pressure 
during must nanofiltration. 

Even though the formation of the pseudo-membrane is 
faster in the spiral wound module, probably due to a lower 
tangential velocity, the flow destabilization and eddy promo¬ 
tion caused by the spacers mitigates the rate at which the 
cake thickens and compacts on the membrane surface. The 
latter causes a less-sharp Jv decrease with more appropriate 
almost constant sugars rejection and small osmotic pressure 
differences. 

Since the latter features were obtained at a lower recircula¬ 
tion flow than with the flat sheet module, it can be concluded 
that the spiral wound module is more energy efficient too. 

The results obtained for the filtrations performed with the 
spiral wound module show that a higher applied pressure 
promotes cake formation and compaction and therefore a 
higher fouling resistance and osmotic pressure that worsen 
the decrease of Jv. Therefore, the optimization of the system 
wouldnit consist in a simple increase of the applied trans¬ 
membrane pressure but in promoting higher shear stress 
(presumably with a higher effective velocity) on the membrane 
surface combined with higher driving force (applied pres¬ 
sure). Thus, Ju would be increased and polarization would be 


mitigated decreasing also the resistance toward mass trans¬ 
port (i.e. osmotic pressure and fouling). 
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